A new class of organic-inorganic hybrid nanocomposites was obtained by blending PMMA-modified silsesquioxane hybrid materials with epoxy matrix followed by curing with methyl tetrahydrophthalic anhydride. The hybrid materials were obtained by sol-gel method through the hydrolysis and polycondensation of the silicon species of the hybrid precursor, 3-methacryloxypropyltrimethoxysilane (MPTS), simultaneously to the polymerization of the methacrylate (MMA) groups covalently bonded to the silicon atoms. The nanostructure of these materials was investigated by small angle X-ray scattering (SAXS) and correlated to their dynamic mechanical properties. The SAXS results revealed a hierarchical nanostructure consisting on two structural levels. The first level is related to the siloxane nanoparticles spatially correlated in the epoxy matrix, forming larger hybrid secondary aggregates. The dispersion of siloxane nanoparticles in epoxy matrix was favored by increasing the MMA content in the hybrid material. The presence of small amount of hybrid material affected significantly the dynamic mechanical properties of the epoxy networks.
Introduction
Epoxy resins are widely used thermosets in several industrial applications because of their high mechanical and adhesion characteristics associated to the good chemical resistance. However their brittleness limits some important applications mainly as high performance adhesives and composites. The incorporation of liquid rubber components constitutes a usual approach for improving toughness of these materials, but with frequent detriment of stiffness and modulus [1] [2] [3] [4] [5] [6] . The increased demand for higher performance materials which combine improved strength, hardness, toughness and heat resistance has motivated several investigations on the field of organic/inorganic nano-hybrid materials. The nano-sized inorganic fillers incorporated into an epoxy matrix are expected to provide a synergistic combination of individual organic/inorganic component properties, thanks to the dramatic increase of the interface area between the components [7] [8] . Moreover, the dispersion of the filler in nano-size dimensions may also provide a homogeneous morphology throughout the composite, which greatly improves the reproducibility of its properties [9] [10] . Among several inorganic nano-particles that can be incorporated into the epoxy resin, those constituted by polyhedral oligomeric silsesquioxane (POSS) have been emerging as a new and versatile technology because of the simplicity of their synthesis and processing. Moreover they offer a unique opportunity for preparing truly dispersed nanocomposites [10] [11] [12] . POSS is a class of important nanosized cage-like compounds, obtained by a sol-gel process involving hydrolysis and condensation of trialkoxy silanes bearing an organic group [13] [14] [15] [16] . Depending on the reaction parameters it is possible to obtain molecules with different structures. Additionally, the POSS structure may be completely condensed, presenting a cube octameric framework constituted by an inorganic core formed by silica and surrounding by eight organic corner groups or be partially condensed, presenting some hydroxyl groups [17, 18] . The nature of the R groups is very important to provide good interaction between the filler and the epoxy matrix, which in turn affects the degree of dispersion, the local structure and mobility of the polymer chains. Consequently an improvement of thermal, oxidative and dimensional stability as well as mechanical performance of many polymeric resins is usually achieved. Mono-and multi-functionalized silsesquioxanes containing epoxy [7, [19] [20] [21] [22] [23] [24] [25] [26] [27] , amino [28] [29] [30] [31] [32] , mercapto [33] , maleimido [34, 35] , and isocyanate groups [36] have been successfully employed in the preparation of epoxy resin-based hybrid materials. Mono-functionalized silsesquioxanes are prepared by corner capping reaction of a trisilanol with a functionalized trialkoxy silane, and results in POSS molecules grafted onto the epoxy matrix [14] . Polyfunctional POSS is obtained from the hydrolysis/ condensation of a functionalized trialkoxi silane resulting in polymer networks with the POSS cage acting as a crosslinking site [7] . Epoxy resin/POSS hybrid materials are prepared by mixing both components [23] or by performing the hydrolysis/condensation of the silane precursor in the presence of the epoxy matrix. When the POSS molecule is prepared in situ, the inorganic siloxane particles are more linked with the epoxy network because the alkoxy groups of the silane precursor can react with the hydroxyl groups formed by the ring opening reaction of the epoxy groups, through an ether exchange reaction [20] . Inorganic-organic hybrid compounds constituted by siloxane particles chemically linked to another polymer that is miscible with the epoxy matrix is also a good strategy for the development of new nanostructured epoxy hybrid networks. In this sense, an interesting family that fulfills this requirement is that obtained from the copolymerization between a vinyl-functionalized trialkoxysilane precursor and methyl methacrylate (MMA). Hybrid compounds have been prepared by different methodologies to develop materials with adjustable transparency, refractive index and hardness [37] [38] [39] [40] . However, to the best of our knowledge, there are no reports in the accessible literature, regarding its use as epoxy modifier. The present work aims for the first time to study the effect of Silsesquioxane-PMMA hybrid materials (SSO-PMMA) on the nanostructural features of the epoxy networks. The hybrid materials were synthesized by the hydrolysis/condensation of the (3-methacryloxypropyl) trimethoxy silane (MPTS) precursor simultaneously to its free radical copolymerization with methyl methacrylate. This process gives rise to a crosslinked hybrid compound with the PMMA chains surrounding the inorganic siloxane particles [41] [42] [43] . This structural feature contributes for a better filler-epoxy matrix interaction since the PMMA chains chemically linked to the silsesquioxane moiety can physically interact with the epoxy matrix, providing a good anchorage between the components. Moreover, when the MMA is employed as the co-monomer, their chains help to keep the inorganic particle away from each other, decreasing the chance of filler aggregation. The nanoscopic features of the epoxy network modified with these hybrid materials were determined by small angle X-ray scattering (SAXS) and were related to the dynamic mechanical properties. 
Experimental

Preparation of epoxy-based nanocomposites
6 parts of Silsesquioxane-PMMA was dispersed into 100 parts of anhydride used as the hardener, at 50°C under intensive mixing. Then, 100 parts of DGEBA was added. The mixture was stirred, degassed, poured into an open silicon mold and cured at 80°C for 3 h, followed by a post curing treatment at 110°C for 3 h. 29 Si MAS solid state nuclear magnetic resonance (NMR) spectra of the hybrid materials were recorded on a Bruker DRX-300 (7.05 Tesla) spectrometer equipped with an 4 mm ZrO 2 rotor, operating at 4000 Hz and 1000 scans. The chemical shifts positions are referenced to kaolinite. Dynamic mechanical analyzer (Q-800, TA Scientific) was employed for measuring dynamic mechanical properties of cured epoxy networks, at a fixed frequency of 10 Hz, with a heating rate of 3°C/min. A single cantilever clamp was used for samples of size 25×10×2 mm 3 . Thermogravimetric analysis was performed on a Q-50 thermogravimetric analyzer, TA Scientific, operating from 30 to 750°C, under nitrogen atmosphere and a heating rate = 5°C·min -1 .
Characterization and testing
The Small Angle X-ray Scattering (SAXS) study was performed at room temperature using synchrotron the beam line of National Synchrotron Light Laboratory (LNLS), Campinas, Brazil. This beamline is equipped with an asymmetrically cut and bent silicon (111) monochromator that yielded a monochromatic (λ = 1.608 Å) and horizontally focused beam. A position sensitive X-ray detector and a multichannel analyzer were used to record the SAXS intensity, I(q), as a function of modulus of scattering vector q, q = (4π/λ)sin(θ/2), θ being the scattering angle. Each SAXS pattern corresponds to a data collection time of 900 s.
Results and discussion
Condensation degree of silicon species in POSS-PMMA hybrid materials
The hydrolysis/condensation of MPTS simultaneously to the free radical copolymerization of MPTS and MMA gives rise to a crosslinked hybrid structure as illustrated in Figure 1 [42, 43] . The structural features of the silsesquioxane moieties of the Silsesquioxane-PMMA (SSO-PMMA) hybrids prepared in this study were investigated by 29 Si MAS Figure 2 presents a typical spectrum of the hybrid compound containing 56% of MMA (PM1). The MMA content in the PM1 comes from the methacrylate moiety in the silane precursor, since there was no added MMA. The different species are identified according to the conventional T n notation, where T designs the trifunctional units and n corresponds to the number of neighboring silicon interconnected through the oxygen atoms of the first sphere of coordination [20, 44] . Therefore, T 0 , T 1 and T 2 design the non condensed, monomeric and dimeric species, respectively, while the T 3 units refer to the completely condensed species. The 29 Si NMR spectra exhibits three resonance peaks at around -50 ppm, -59 ppm and -66 ppm associated to the presence of Table 2 presents the proportion of the Si in different environment together with the degree of condensation. The degree of condensation (D) is given by Equation (1):
All hybrid materials present a high amount of silicon as dimeric species (high T 2 amount), that is, high amount of silicon bearing one hydroxyl group, indicating that the silsesquioxane prepared in this work is partially condensed. It is important to point out that the copolymerization with MMA resulted in a significant increase of the fraction of monomeric T 1 species and a pronounced decrease of the proportion of T 3 species, resulting on a decrease of the average condensation degree (Table 2) . It is well known that acid pH conditions, as used in this study, promote hydrolysis of silicon alkoxydes but inhibit polycondensation between hydrolyzed species [45] . As a consequence, during the synthesis of Silsesquioxane-PMMA hybrids the hydrolysis of the methoxy groups of the MPTS precursor occurs firstly, but the condensation of the hydroxyl groups is slower than the free radical polymerization of MMA [46] . Therefore, the PMMA chains linked to the inorganic siloxane particles exert some hindrance towards the -SiOH condensation.
Nanostructural characterization of the epoxy-based hybrid nanocomposites
The epoxy resin was modified with SSO-PMMA hybrid compound with different compositions as described in Table 1 . The epoxy network modified with the hybrid materials were transparent indicating no discernible phase separated morphology, regardless the hybrid composition. This behavior suggests that the SSO-PMMA hybrid materials are dispersed inside the epoxy matrix in nanometric dimension. SAXS technique is a very important tool for characterizing the nanoscopic structure of complex systems containing nanoparticles and their aggregates and/or agglomerates and provides information regarding hierarchical structures and particle size distribution [47, 48] . This technique was employed in this work to investigate the nanostructure of the epoxy-based composites.
Method of SAXS analysis
Both asymptotic q-dependences, at low and high q, of the scattering intensity produced by a dilute set of isolated particles with no long-range correlation embedded in a homogeneous matrix having a sharp and locally flat interface, are known. In the low q region, the scattering intensity produced by N isolated nanoparticles is described by the Guinier law described by Equation (2): (2) where R g is the radius of gyration of the particles and G is given by Equation (3): (3) where ρ p and ρ m are the average electron densities of the particles and the matrix, respectively, and v the average particle volume. At high q region Porod's law holds, see Equation (4):
where A = 2π(ρ P -ρ m ) 2 S, S being the interface area between particles and matrix and P an exponent that depends of the sharpness of the interface and on the detailed geometry of the particles [48] . Dilute systems with nano-objects with different complex shapes and some polydispersivity yield a scattering intensity function F(q) also obeying both Guinier and Porod laws over the low and high q ranges, respectively. A semi-empirical equation proposed by Beaucage [49] that applies to the whole scattering curves and have both asymptotic behaviours described above is given by Equation (5):
In Equation (5), the asymptotic Guinier and Porod laws are merged. The erf function acts as a low q cut-off that brings to zero the Porod low contribution at a point depending on the R g parameter. For globular nano-objects (neither flat disks nor thin cylinders) with smooth surface the exponent P is equal to 4 while for fractal objects 1<P<3 (in this case the exponent P is the fractal dimensionality of the object). The total intensity produced by a concentrated (not dilute) set of particles is no longer the sum of the intensity scattered by each particle. For the particular case of centro-symmetrical particles, the total intensity can be written as the product of the intensity F(q) produced by a dilute system of particles (form factor) by the structure function, S(q), that accounts for interference effects (Equation (6)):
Equation (6) applies, for example, to a set of identical spheres and can be used as a more or less good approximation for not too anisometric nanoobjects. Applying the Born-Green theory, Beaucage [49] proposed a semi-empirical and simple structure function S(q) given by Equation (7): (7) where k and θ are the so-called packing factor and a form function, respectively. The packing factor k describes the degree of correlation that measures the number of nearest neighbor particles and it is equal to 8V/V 0 where V is the average 'hard-core' volume and V 0 is the average available volume to each sphere. The form function θ depends on the average inter-particle distance d as follows (Equation (8)): (8) Furthermore, the total scattering intensity produced by a two-level structure can be described, under certain assumptions [49] , as additive contributions from the individual levels. Nanometric domains (clusters or islands), each of them composed of a dense set of particles, embedded in a low-density matrix, give a contribution to the total intensity at very small q. This contribution to SAXS intensity from the second level, coarse, can also be described by Equation (2) . The scattering intensity produced by domains with an average radius of gyration R g 2 composed of smaller particles with an average radius of gyration R g 1 is given by Equation (9) [49, 50] :
When the secondary domains are non spatially correlated, we have S 2 (q) = 1. In some cases, due to the experimental limitation imposed by the minimum accessible q-value, only the asymptotic Porod range of the secondary coarse level can be practically observed. Figure 3 shows the SAXS patterns in log-log plot for the SSO-PMMA/epoxy composites as a function of the SSO-PMMA composition, as described in Table 1 . All spectra exhibit a large broad band with a maximum located around 0.44 Å -1 attributed to local fluctuations density of epoxy resin [51] . Moreover, it is possible to identify two other scattering regions: a decreasing linear regime at low q-range (q ≤ 0.08 Å -1
SAXS results
) whose lower and upper limits change with SSO-PMMA composition and an interference peak located at higher q-range (q around 0.09 Å -1 ). Since the density of the siloxane phase is much higher than those of both PMMA and epoxy phases, it is possible to assume that the X-ray scattering in these two q-ranges is related to the electronic density contrast between the siloxane and the polymeric phases. The presence of such two regimes has already been observed in other siloxane-polymer hybrid and composites [52] and is characteristic of the existence of a hierarchical structure consisting of two structural levels: the siloxane primary nanoparticles (first level) forming secondary aggregates distributed inside the polymer matrix (second level). Therefore, a first analysis of our SAXS results lead us to the conclusion that the primary siloxane particles concentrate in 
relatively large nanometric domains embedded in a particles-depleted polymeric matrix. Furthermore, for all SSO-PMMA modified epoxy systems prepared in this work, the experimental SAXS intensity curves I(q) (points in Figure 3 ) are well fitted by the theoretical function given by Equation (8) that considers two structural levels with S 1 (q)≠1 and S 2 (q)≠1 (red line in Figure 3 ). This well fitting confirms the validity of the model of large secondary nanometric domains composed of spatially correlated quite spherical siloxane primary nanoparticles embedded in a polymeric matrix. As discussed below, the Beaucage equation also allows obtaining quantitative information about the structural parameters of epoxy-based nanocomposites. Table 3 shows the structure parameters G 1 , R g 1 , k 1 , d 1 , G 2 , R g 2 and P 2 determined from the best fitting procedure. The parameter P 1 has been fixed to the value 4, assuming a smooth surface for siloxane nanoparticles. For the nanocomposite containing the PM1 hybrid (with 44% of siloxane in the hybrid (Figure 3) , the siloxane particle radius was determined as around 2 Å, revealing the interpenetration of the SSO-PMMA with epoxy matrix at a nanometric scale. Since for this sample a tendency to Guinier plateau is observed in log-log plot, the determination of the average gyration radius R g 2 of the secondary domains dispersed in the polymer matrix is possible (R g 2 = 90 Å, Table 3 ). Furthermore the value of P 2 is 1.3, revealing that the structure of the secondary domains is a very poorly ramified (quite linear) fractal structure [53] . By increasing MMA content in the SSO-PMMA a clear decrease of the packing factor k 1 simultaneously with a shift towards lower q-range of the linear regime associated to the secondary large domains with a disappearance of the Guinier plateau are observed for the epoxy-based composites (Table 3 and Figure 3 ). The decrease of the packing factor by increasing MMA content in the hybrid copolymer is consistent with the decrease in intensity of the interference peak located around 0.09 Å -1 as the PMMA amount in the hybrid material increases (Figure 3 ), both trends revealing the progressive loss of the spatial correlation between the siloxane nanoparticles located inside the secondary hybrid aggregates. This better dispersion of siloxane particles in epoxy matrix by increasing PMMA content in SSO-PMMA should be related to the lower condensation degree of the hybrid compounds containing higher MMA fraction ( Table 2) . As a matter of fact, the reaction between the hydroxyl groups present in the partially condensed SSO-PMMA and the anhydride used as the hardener during epoxy curing should promote chemical affinity between SSO-PMMA and epoxy, favoring siloxane nanoparticles dispersion. Another contribution should be the probable increase in PMMA chains length bonded to siloxane particles by adding more MMA in the hybrid, inhibiting siloxane particles aggregation. Note that the latter interpretation is consistent with the observed growth of the secondary aggregates size, attested by the shift of the Guinier plateau towards a q-range lower than the limit accessible using the setup of our experiment, as the PMMA fraction in the hybrid material increases (Figure 3) . Unfortunately, the very short extension of the linear regime at low q values and the absence of a trend toward a constant value for decreasing q for these samples impede the determination of the average gyration radius R g 2 of the secondary aggregates and also the P 2 and G 2 values. As a matter of fact in absence of Guinier plateau the values of these parameters obtained from the fit of Equation (9) have no physical meaning.
Scanning electron microscopy
The scanning electron micrographs of epoxy modified with PMMA and the corresponding SSO-PMMA hybrid materials are illustrated in Figure 4 . Epoxy network modified with PMMA presents some dispersed domain phase, whose size stayed in the range of 1-1.5 μm (Figure 4c ). The size domains are micrometric because of the quite good compatibility between epoxy matrix and PMMA. Epoxy network modified with PM1 hybrid material presents a homogeneous morphology without discernible phase separation, indicating that all the SSO-PMMA hybrid material is dispersed inside the epoxy matrix in nanometric dimension. This behavior is in agreement with the SAXS results since the average size of the aggregates in this system was calculated to be around 9 nm. These results evidence a better interaction between the hybrid organic-inorganic PM1 compound and the epoxy network than between PMMA and epoxy, due to low PMMA content in PM1.
As the amount of PMMA in the SSO-PMMA hybrid material increases, the phase separation at a micrometric scale is observed (Figure 4b ). This phenomenon of microphase segregation of PMMA in an epoxy matrix is well-known and occurs during the cure of the epoxy resin, due to the fact that hydroxyl and epoxy groups, which promote chemical affinity between non-cured epoxy resin and PMMA, are changed into other groups during this process [54] . The microdomain sizes are even a little bit larger than that observed for epoxy/PMMA network, suggesting the presence of epoxy resin inside the domains, increasing their size. This result is consistent with the low condensation degree of PM3 determined from 29 Si NMR, which should induce a reaction between the hydroxyl groups present in the partially condensed SSO-PMMA and the anhydride used as the hardener. This phenomenon promotes good chemical affinity between the hybrid and epoxy, favoring epoxy penetration in the microdomains. Note that the increase of PMMA content in SSO-PMMA leads to opposite effects on microstructure (investigated by SEM) and nanostructure (investigated by SAXS) of the epoxybased composites: while larger PMMA amounts promotes microphase separation of PMMA-rich domains, they avoid nanophase segregation of siloxane-rich regions.
Dynamic mechanical properties
The effect of the addition of SSO-PMMA hybrid material on the dynamic mechanical properties of modified epoxy networks was evaluated in terms of storage modulus and loss factor (tanδ). Figure 5 illustrates the dependence of these dynamic mechanical properties as a function of temperature. The glass transition temperature (T g ) was taken as the temperature at the maximum of the tanδ peak. The curves of the neat epoxy resin and that modified with PMMA were also included for comparison. The epoxy resin modified with pure PMMA displayed lower T g compared with the neat epoxy network. Since epoxy chains extremities contain acrylate groups, the number of epoxy groups available to react with anhydride is lower than in neat epoxy, leading to a less efficient curing process and conse-quently diminishing T g . However, a plasticizing effect of PMMA because of its lower glass transition temperature than epoxy and its good compatibility with the epoxy matrix [54] [55] [56] should not be discarded.
All nanocomposites also presented lower T g values than the neat epoxy resin. Besides the plasticizing effect of PMMA already described, this behavior should also be due to the possible chemical reaction between silanol groups of the SSO-PMMA and anhydride. The lower amount of anhydride available for the curing process of epoxy resin induce a decrease of T g . A surprising result that can be observed is a significant decrease of T g for the nanocomposite containing PM1, which has the lowest PMMA content in the SSO-PMMA hybrid material. This phenomenon may be attributed to an increase of the free volume caused by the presence of the hybrid siloxanerich aggregates, evidenced by SAXS experiments. As a matter of fact, it has been shown that the presence of inorganic nanodomains or nanoparticles in epoxy matrix should lead to the increase of the free volume of epoxy [57] . The presence of the SSO-PMMA resulted in a significant increase of the storage modulus taken at temperature lower than the glass transition temperature, indicating a reinforcing action of the hybrid material on the epoxy matrix. The increase of PMMA content in the hybrid increased the modulus and the highest value was achieved by using the PM3 hybrid material. The epoxy network containing the PM4 hybrid material (with higher PMMA content) presented a storage modulus comparable with that modified with pure PMMA. These results are directly correlated with the hierarchical nature of the nanostructure of the composites detected by SAXS. As a matter of fact SAXS results have revealed an increase in size of the secondary hybrid aggregates (formed by the segregation of primary siloxane particles in the epoxy matrix) by increasing the fraction of PMMA in the hybrid compound. Consequently, at least up to a PMMA fraction corresponding to PM3, the presence of siloxane-rich secondary hybrid domains acts as reinforcing heterogeneities dispersed in epoxy resin and consequently the increase in size of these secondary aggregates leads to higher values of storage modulus. The modulus of the composite containing PM4 is lower than the one containing PM3 due to the quite absence of particles aggregation for this sample, evidenced by SAXS.
Conclusions
This work describes for the first time the modification of epoxy network by SSO-PMMA hybrid materials prepared by simultaneous hydrolysis/condensation of the silane precursor and polymerization of MMA. The addition of low amount of the SSO-PMMA hybrid material containing low amount of PMMA resulted in nanocomposites with no discernible phase separation. From SAXS experiments it was possible to suggest the presence of hierarchical structure characterized by organically modified siloxane nanoparticles forming larger hybrid nanoaggregates uniformly dispersed inside the epoxy matrix. The spatial correlation between the siloxane nanoparticles inside the aggregates were lost as the amount of PMMA in the hybrid material increased, indicating an increased ability of epoxy chains in diffusing through the hybrid aggregates as a consequence of the good affinity between the hybrid material and the epoxy matrix promoted by the reaction between the hydroxyl groups of the non condensed SSO-PMMA and the anhydride which was employed as the hardener. The structural model proposed concerning the nanostructural features of epoxy/SSO-PMMA composites obtained by SAXS is consistent with the thermomechanical properties of the materials investigated by DMA. The good interaction between the components resulted in a significant decrease of the glass transition temperature but an increase of the storage modulus of the epoxy network. These results are important since they show that it is possible to achieve epoxy networks with increased modulus by adding a small amount of hybrid material. Further investigations are planned to establish the relationships between the method used in the SSO-PMMA synthesis and the nanostructure and properties of the resulting epoxy-based network.
